Environmental factors can act as facilitators of chronic non-communicable diseases. Ambient noise and air pollution collectively outrank all other environmental risk factors in importance, contributing to over 75% of the disease and disability burden associated with known environmental risk factors. In the first part of this review, we discussed the global burden and epidemiologic evidence supporting the importance of these novel risk factors as facilitators of cardiometabolic disease. In this part, we will discuss pathophysiological mechanisms responsible for noise and air pollution-mediated effects. Akin to traditional cardiovascular risk factors, a considerable body of evidence suggests that these environmental agents induce low-grade inflammation, oxidative stress, vascular dysfunction, and autonomic nervous system imbalance, thereby facilitating the development of diseases such as hypertension and diabetes. Through their impact on traditional risk factors and via additional novel mechanisms, environmental risk factors may have much larger impact on cardiovascular events than currently appreciated. In the second part of this review, we discuss deficiencies and gaps in knowledge and opportunities for new research.
Introduction
Air and noise pollution are pervasive health problems that have coexisted in civilization for centuries, and together they are the most common environmental risk factors in the physical environment that people may encounter in modern society, particularly in urban areas. Empirical and epidemiologic evidence supports the concept that both air pollution and noise independently may induce stereotypic activation of pathways such as oxidative stress, vascular dysfunction, and autonomic imbalance, and amplify the impact of traditional risk factors on cardiovascular disease (CVD). Air pollution and noise in urban environments contribute disproportionately to cardiovascular and metabolic risk and disability, and account substantially to the burden of disease globally attributable to environmental factors. 1 In this review, we present the mechanistic evidence linking these factors with cardiovascular and metabolic disease, address unmet research needs and technology-aided solutions to further understand disease mechanisms and to mitigate their risk.
Pathophysiology of noise and air pollution-induced cardiovascular disease
Analogous to traditional risk factors, a growing body of evidence has substantiated the concept that air pollution and noise leads to vascular (endothelial) dysfunction, hypertension, atherosclerosis, and complications including myocardial infarction, stroke, and congestive heart failure. Four generalized pathways have been postulated to help explain the systemic effects of air pollution and noise ( Figure 1 ): (a) perturbation of autonomic nervous system and/or sympathoadrenal activation; (b) release of pro-inflammatory mediators, modified lipids, or phospholipids and activation of leukocyte populations; (c) endothelial dysfunction caused by oxidative stress; and (d) activation of prothrombotic pathways. 2 -10 These pathophysiologic pathways are not mutually exclusive, and may be principally active at differing time points following exposure to either noise or air pollution, and likely vary in importance, in relation to chronicity of exposure and in causation of CV sequelae. The acute responses occurring within seconds/minutes/hours after noise exposure or PM inhalation are likely mediated principally via changes in autonomic tone and/or sympathoadrenal activation, alterations in endothelial function, direct effects on pro-coagulant pathways and thrombosis mediated by the release of pro-coagulant proteins. 11 The acute effects of both air pollution and noise pollution may often occur in the context of chronic exposure in a susceptible patient, typified by the individual with pre-existing 'vulnerable plaque', 'vulnerable myocardium' (arrhythmias), or 'vulnerable circulation' (in a heart failure patient at risk for circulatory overload). The effects of chronic repetitive environmental exposure are more complex, with a number of issues that one needs to consider, including, that the cumulative impact (exposure over time) occurs within the framework of other more dominant risk factors. In this regard, the effects of noise and air pollution may be either additive or synergistic. When chronically exposed, attenuation in response may occur; a phenomenon known as habituation. As example, the probability that noise causes physiologic effects is generally higher during the first days of exposure compared with the subsequent days, and exposure -response relationships derived in the field (where subjects have often been exposed to the noise for many years) are usually much shallower than those derived in laboratory settings, which often include exposure to unfamiliar noise Figure 1 Proposed pathophysiological mechanisms of cardiovascular disease induced by environmental air pollution and noise. ox-PAPC, oxidatively modified 1-palmitoyl-2-arachidonoyl-sn-phosphatidylcholine; 7-KC, 7-ketocholesterol. events in an unfamiliar environment. 3, 12, 13 Attenuation of response to air pollution with repeated exposure has good biologic plausibility, but has never been conclusively shown in an experimental context. In certain contexts, however, the opposite may happen, i.e. the second exposure may cause larger effects than the first one, a phenomenon known as priming.
14
Noise pollution: mechanisms leading to cardiovascular events
According to the noise reaction model introduced by Babisch, two principal pathways have been theorized as being responsible for the adverse health effects of noise, a direct and indirect pathway. 15 The direct pathway is activated by an instantaneous interaction of the acoustic nerve with structures of the central nervous system. The indirect pathway in turn represents the cognitive perception of the sound, and its subsequent cortical activation and is related to emotional responses ( Figure 1 ). 16 It is important to note, however, that recent studies have demonstrated adverse effects on vascular function were completely independent from sleep quality and selfreported noise sensitivity.
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Both reaction chains can initiate physiological stress responses, involving the hypothalamus, the limbic system, and the autonomous nervous system with activation of the hypothalamus-pituitary-adrenal (HPA) axis and the sympathetic -adrenal -medulla axis. This leads to a cascade of effects, including a rise in heart rate and in levels of stress hormones (cortisol, adrenalin, and noradrenaline). 18 This general stress model is a physiologic acute adaptation to stress, which may ultimately lead to pathophysiologic alterations in the intermediate or chronic time frame, resulting in manifest adverse health effects. While the conscious experience with noise might be the primary source of stress reactions during day time in awake subjects, the non-conscious biological response during nighttime in sleeping subjects, at much lower noise levels, is thought to play an important role in pathophysiology, particularly through disruption of sleep-wake cycle, diurnal variation and perturbation of time periods critical for physiological and mental restoration. 15 Recently, a study addressed whether there are combined effects of objectively estimated noise levels (aircraft or road) and noise annoyance on the prevalence of arterial hypertension (in HYENA). 19 The study indicated that for aircraft noise, noise annoyance acted as an effect modifier of the relationship between noise and arterial hypertension, with stronger associations among the annoyed. 19 In contrast, the study found no effect modification by annoyance on the road traffic noise and hypertension association. More studies are needed to elucidate the influence of annoyance to noise on the relationship between noise exposure and CVD. Experimental animal models designed to address the vascular consequences of noise are scarce. A Pubmed search identified just two publications studying the effects of noise on function in animal models. In a murine model, noise stress (100 dB, 1 kHz, 4 h/day, 6 days/week) selectively impaired responses to endotheliumdependent vasodilators (A23187 and acetylcholine) and increased those to vasoconstrictors 20, 21 In these studies, no mechanistic insight to the underlying mechanisms were provided, stressing the urgent need for animal models in order to study the vascular consequences of noise. In light of the importance of the HPA axis and the autonomic nervous system as the systems most likely to be involved with acute stressors, it is reasonable to speculate on their involvement in response to noise-induced stress. Given the involvement of the autonomic nervous system in response to triggers such as smoking, air pollution, and acute mental stress, it is likely that acute cardiovascular responses including changes in vascular tone, in response to noise alone, or more importantly in the context of coexposure to noise and air pollution, may involve enhanced sympathetic activity in association with neurohormonal changes. The results of older experimental studies were recently confirmed in humans. 20, 21 Two studies showed that nighttime noise dose-dependently leads to endothelial dysfunction, increased blood pressure, and impaired sleeping quality in healthy subjects and patients with coronary artery disease. 14, 17 Importantly, this effect was caused by oxidative stress, since nighttime noise-induced endothelial dysfunction was significantly improved by the acute administration of vitamin C. 14 As expected, noise-induced endothelial dysfunction was more pronounced in CAD patients, who had preexistent dysfunction, compared with healthy volunteers. 17 Interestingly, the deterioration of vascular function in response to noise was independent on the degree of annoyance of the study participants, suggesting that noise may trigger vascular dysfunction independent of emotional responses through direct effects on the autonomic system. 17 These findings go along with the observations of the HYENA study showing that noise-induced increases in systolic and diastolic blood pressure were not always linked to an awakening reaction. 22 We could also demonstrate that the adverse effects of nighttime aircraft noise on the vasculature are getting accentuated rather than desensitized in response to repetitive noise exposures pointing to a priming effect. 14 In line with animal data, nighttime noise led to a 4-mmHg increase in systolic blood pressure in patients and in healthy subjects, equivalent to a 4% increase in the risk of new-onset heart failure. 23 There is currently limited data on other noise-induced pathways, such as involvement of inflammation or thrombosis pathways. In one study, noise has been shown to induce a reduction in the level of coagulation factor XII (Hageman-factor) 17 which has been associated with increased coronary risk. 24, 25 Also, exposure to nighttime traffic noise may affect the immune system through disturbance of sleep, thereby increasing risk for CVD. 26 Sleep is known to have a strong regulatory influence on the immune system, with disturbances in sleep being associated with reduced immune function and a pro-inflammatory state. 27 Furthermore, cortisol, which has been found increased after exposure to traffic noise, is known to play an important role in regulating the immune system, and acute and chronic stress has been associated with suppression of the immune system. 28, 29 The importance of noise, both day-and nighttime exposure, in perturbation of inflammatory and haemostatic factors needs to be investigated. The role of exposure to noise in the genesis of perturbations in glucose metabolism and lipid abnormalities has only been scarcely touch upon 30 and clearly needs to be evaluated in a rigorous manner. This of course may aggravate or even accelerate the atherosclerotic process and predispose to future cardiovascular events. Based on the results to date, noise pollution may indeed accentuate conventional risk factors such as hypertension. Taken together, noise, particularly at nighttime has been demonstrated to cause sympathovagal imbalance, vascular dysfunction, and increased blood pressure. These changes are consistent with changes in multiple large-scale studies, where noise exposure increases blood pressure in subjects exposed to road or railway noise. 22,31 -33 Alterations in sleep seen with noise may result in nocturnal autonomic arousals, which is well demonstrated to prevent blood pressure dipping and contribute to the risk for developing hypertension, a concept that is confirmed by the observation that the risk of developing hypertension is higher in subjects exposed to noise during night hours.
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Air pollution: mechanisms leading to cardiovascular events A variety of different approaches have been adopted to study the effects of air pollution in the experimental context. These approaches include exposure to concentrated ambient particles, diesel exhaust from engines to mimic road traffic exposure, air pollution mixtures in exposure chambers and finally direct exposure to ambient atmospheres, in both animals and humans. Published studies vary greatly with regards to route/duration of exposure, preexisting disease/risk in humans, strain/susceptibility of animals, location of exposure (influenced by source of pollutants, climate/wind patterns), and compositional characteristics of particles. Oxidative stress pathways are integral to the mechanism of the vascular damage induced by air pollution, and increases in oxidative stress and inflammatory markers or activation of genes have been shown to result from diesel exhaust, wood smoke, PM 2.5 , or UFP. 36 -38,39 Increase in oxidant stress appears to be a broadly applicable mechanism, regardless of the type of pollutants that contributes to the adverse effects of air pollution. Inflammatory responses have been consistently observed in experimental animal models and may relate to the activation of innate and adaptive immune responses, leading to the release of cytokines/chemokines. 40 -42 Activation of central nerve system reflex arcs may also facilitate systemic inflammation, and is thought to be a relevant mechanism that may link pulmonary exposures to systemic inflammatory activation. 43 -45 Penetration to the systemic circulation of diffusible components such as soluble metals and intermediates such as oxidized phospholipids, quinines, semiquinones, and aldehydes generated in the lung, may also lead to potentiation of inflammatory responses. 41, 46, 47 These results have been less consistently observed in controlled acute human exposure studies, and increases in peripheral markers of inflammation, observed in some studies have not been replicable in other ones, possibly due to differences in the sensitivity of the measurements, in the study protocols or vulnerability of the subjects due to individual-level factors or unmeasured prior exposures. 48 Data from multiple groups demonstrate an effect of PM 2.5 , UFP, and diesel exhaust in systemic endothelial dysfunction and diminished nitric oxide availability due to activation of reactive oxygen species pathways including endothelial nitric oxide synthase uncoupling. Changes in blood pressure in animal models are also associated with activation of central sympathetic mechanisms. 49 The findings in animal models are mirrored in humans with exposure to both PM 2.5 and traffic-related pollutants such as diesel exhaust, having been shown to cause acute peripheral conduit vasoconstriction within a few hours. In animals, exposure to PM 2.5 results in endothelial dysfunction and activation of Rho/ROCK signaling and heightened calcium sensitivity. 50, 51 Controlled exposure studies show that diesel exhaust, which appears to have larger effects than other pollutants, acutely (within minutes to hours) impairs resistance vessel responses to acetylcholine, bradykinin, and nitroprusside with evidence to suggest elevation in ET-1 as an additional mechanism of vasoconstriction. 52 -55 As a result, short-term exposure to diesel potentiates exercise-induced ST-segment depression and ischaemic burden. 56 The effects on vascular function with PM 2.5 are more variable with no observable effects with acute exposure in some studies and delayed effects in others, which sometimes may persist for as long as 24 h in healthy adults. 37, 57, 58 Increased peripheral vasoconstriction due to short-term exposure to PM 2.5 may result in elevation in systemic blood pressure and increased cardiac afterload and over the longer-term result in left ventricular hypertrophy, myocardial fibrosis and alteration in coronary flow reserve. 59 This may in turn lead to impaired diastolic relaxation and eventual impairment contractile reserve. At a molecular level, increased b-myosin heavy chain and down regulation of SERCA2a, indicative of abnormal calcium cycling, have been demonstrated. Exposure to air pollution has been shown to result in facilitation of a number of pathways that are pro-atherogenic. The formation of highly oxidized forms of phospholipids (oxidatively modified 1-palmitoyl-2-arachidonoyl-sn-phosphatidylcholine or oxPAPC) and cholesterol (e.g. 7-ketocholesterol) has been previously shown to potentiate inflammation and may play an important role in acceleration of atherosclerosis. 60, 61 The generation of reactive biologic mediators such as oxPAPC in response to PM 2.5 exposure may promote the migration of bone-marrow-derived CD11b+Ly6Chi+ cells to the atherosclerotic plaque via gradients in chemokines such as CCL-2 that could be synthesized in response to such derivatives. 62 Both fine and ultrafine ambient PM lead to the development of dysfunctional HDL that loses its anti-inflammatory properties, antioxidant capacity, reduced ability to protect against LDL-induced monocyte migration and decreased paraoxonase activity. 63 Exposure to ultrafine particles such as from diesel may result in 5-lipoxygenase-mediated formation of 12-HETE and 13-HODE, peroxidation products in the plasma and liver but, interestingly, not lung. 64 Multiple studies have demonstrated increased progression of atherosclerosis and plaque inflammation after exposure to PM 2.5 , diesel exhaust, gaseous co-pollutants, and UFP. 65 -67 Experimental studies in murine models of arterial thrombosis have shown an IL-6-dependent activation of platelets within 30 min of intratracheal instillation of diesel exhaust particles. 68 A significant effect of diesel exhaust on fibrinolytic function has also been seen both in healthy men and in men with coronary heart disease in response to intermittent exercise. 52, 56 Bradykinin-induced release of t-PA decreased with diesel exhaust when compared with filtered air at 6 h following exposure to diesel exhaust but did not persist 24 h following exposure. 37 Ex vivo studies in a flow chamber have shown heightened thrombosis under different shear rates and increased platelet-leukocyte aggregates. 69 The evidence of an association between long-term exposure to PM 2.5 and the burden of atherosclerosis in humans in crosssectional studies using a variety of surrogates including carotid intima media thickness, coronary artery and aortic calcium, and ankle brachial indices is very consistent. Although the cross-sectional nature of these data warrants caution, the similarity of findings, and the bias towards the null inherent with the estimations of long-term exposure, support a biological relationship between air pollution exposure and atherosclerosis. Importantly, a reduction in PM 2.5 Figure 2 Hypothetical framework of investigations that combine technological innovation in biometric data with personalized exposure information in real time to study interactive effects of environmental risk factors on cardiovascular end-points. ABP, ambulant blood pressure monitoring; BC, black carbon; PM, particulate matter. levels is associated with a decrease in carotid intima media thickness progression reinforcing the biologic plausibility of this association. 70 Prior reviews have covered the experimental evidence and mechanisms by which air pollution can independently increase risk for T2DM. 43 -45 Exposure to PM 2.5 induces inflammation, impairs insulin response pathways in the liver, skeletal muscle and adipose, worsens hyperglycaemia at concentrations relevant to human exposure and affects pathways such as innate immune activation, endoplasmic reticulum stress, brown adipose function, and central nervous system pathways involved in glucose control, appetite satiety regulation, inflammation, and energy metabolism.
Gaps in current knowledge of air and noise pollution-mediated disease
There are currently no studies that simultaneously have examined the effects of noise and air pollution exposure in experimental models or humans. A number of important questions at the mechanistic level in animals may help provide direction for future human studies. The questions that need to be addressed are many and include the magnitude and time course of response of co-exposure, interactive effects of both factors on surrogate measures such as blood pressure and metabolic risk, duration of effect/time course of reversal, impact of low-grade background noise on air pollution exposure effects and vice versa, impact on circadian rhythm and finally the effect of prevention and lifestyle (e.g. diet, stress, and exercise). The impact of traffic-related air pollutant co-exposure with noise is most worthy of initial study. Finally, the development of technologies that provide personal measures of health in conjunction with data on environmental exposure provide an unprecedented opportunity for research and may allow an extraordinary understanding of the interactions between environmental and non-environmental risk factors ( Figure 2) . However, the extent of these advances in knowledge are tempered by the need to manage subject burden and costs and less accurate or precise data due to the inexpensive nature of the devices available for use or reliance on individuals for their proper use.
Conclusion
In summary, the present review summarizes mechanisms of importance in mediating cardiometabolic risk in response to noise and particulate matter as important and novel cardiovascular risk factors. Noise and PM may cause oxidative stress, vascular dysfunction, autonomic imbalance and metabolic abnormalities, potentiating not only risk factors such as hypertension and diabetes but culminating in progression of atherosclerosis and susceptibility to cardiovascular events. There is increasing rationale for studying the interaction between these novel risk factors and their collective impact on cardiometabolic disease.
Author's contributions T.M., S.R. handled funding and supervision, drafted the manuscript. M.S., T.G., F.P.S., X.R., F.R.B., L.C.C., and R.D.B. made critical revision of the manuscript for key intellectual content.
